Abstract The bending of rod-like native cellulose crystals with degree of polymerization 40 and 160 using molecular dynamics simulations resulted in a deformation-induced local amorphization at the kinking point and allomorphic interconversion between cellulose Ia and Ib in the unbent segments. The transformation mechanism involves a longitudinal chain slippage of the hydrogen-bonded sheets by the length of one anhydroglucose residue (* 0.5 nm), which alters the chain stacking from the monotonic (Ia) form to the alternating Ib one or vice versa. This mechanical deformation converts the Ia form progressively to the Ib form, as has been experimentally observed for ultrasonication of microfibrils. Ib is also able to partially convert to Ia-like organization but this conversion is only transitory. The qualitative agreement between the behavior of ultrasonicated microfibrils and in silico observed Ia ? Ib conversion suggests that shear deformation and chain slippage under bending deformation is a general process when cellulose fibrils experience lateral mechanical stress.
Introduction
In recent years, cellulose nanofibers (CNF) and nanocrystals (CNC) have received increased interest in materials science (Habibi et al. 2010; Grishkewich et al. 2017) . These cellulose nanomaterials are obtained by disintegrating cellulosic fibers in the plant cell wall through chemical or mechanochemical treatments. These materials may experience various stress conditions in industrial processes and in use that may alter the inner structure of the cellulose nanocrystals through dislocations (Hidayat et al. 2012 ) and allomorphic transitions. Understanding the mechanical response of crystalline cellulose to various external Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10570-018-1860-x) contains supplementary material, which is available to authorized users.
forces is important for fundamental understanding and for development of more effective processing.
Processing cellulose by ultrasound is a scalable process currently used in many laboratories. It is often observed that sonicated cellulose fibrils have a tortuous morphology, showing numerous kinks and can be accompanied by an allomorphic transformation (Briois et al. 2013 ) from the triclinic cellulose Ia to the monoclinic Ib form.
We recently carried out molecular modeling to mimic a 3-point bending test of cellulose Ib crystals (Chen et al. 2016) . Upon bending, the crystal developed a sharp kink identical to that observed experimentally for processed celluloses (Kekaelaeinen et al. 2012; Wang et al. 2012; Zeng et al. 2012; Martoia et al. 2016) . We found shear deformations are very important when the bending load is applied on the hydrophobic face, for which the bending rigidity is also the lowest.
In this study, we applied this bending protocol to produce kinks in molecular models of pure Ia and pure Ib cellulose crystals on their hydrophobic face. We followed the evolution of the internal atomic structure to investigate the molecular details of allomorphic transition and morphological changes. Results obtained on short crystals (about 20 nm in length) of Ia and Ib will be shown first, followed by results obtained on a long crystal (about 80 nm in length) of Ia.
Computational methods

Model construction
The cellulose microfibril models of Ia and Ib were built from crystal structures (Nishiyama et al. 2002 (Nishiyama et al. , 2003 refined from X-ray and neutron diffraction data. The dominant hydrogen bond network, pattern A, was considered. The constructed models consisted of 40 chains (5 9 8) of 40 residues each, exposing the 100 and 010 surfaces for Ib and the 110 and 1 10 surfaces for Ia, as shown in Fig. 1 . The two models have approximately square cross sections with similar dimensions of * 3.12 nm 9 * 4 nm 9 * 21 nm. To estimate if the size of the crystals affects the results, we have also considered a long crystal initially in the Ia organization. Except for the length of the chains, which have degree of polymerization 160 to produce a crystal of 80 nm in length, this crystal is identical to the one already described.
Each crystal model was energy minimized (EM) and then equilibrated by molecular dynamics (MD). EM was performed using the steepest descent method followed by the conjugated gradient method, with the convergence criterion being a maximum force of 10 kJ mol -1 nm -1 . In the dynamics process, the temperature was slowly increased from 0 to 300 K over 6 ns, followed by a 94 ns equilibration period.
Bending
The bending was carried out as described in a previous paper (Chen et al. 2016) . Briefly, the equilibrated crystals were rotated to align their long axes with the zaxis and their respective hydrophobic surfaces (the 110 surface for Ia and the 100 surface for Ib) parallel to the yz plane, as shown in Fig. 1 . They were then bent normal to their hydrophobic surface by displacing bridge oxygen atoms at the center of the top surface to a fixed x coordinate. Constraints were also applied on the glycosidic oxygen atoms at the two ends of the bottom layers of cellulose chains, with the x coordinate constrained at the reducing end and the x and z coordinates constrained at the non-reducing end. The crystal was bent by gradually moving the x coordinate of the constrained atoms at the center of the microfibril. A stepwise displacement of -0.015 nm was applied, followed by either 1 or 3 ns of MD simulation, which was enough for the energy to converge (Chen et al. 2016 ).
Simulation setups
All simulations have been performed with GRO-MACS version 4.6 for cellulose chains with degree of polymerization 40 and version 2016.3 for the fibril with degree of polymerization 160 (Hess et al. 2008 ). The cellulose fibril was modelled using the GROMOS 56A carbo force field, which is a mostly explicit-atom force field, although carbons bonded to a single hydrogen atom are replaced by a CH1 united atom (Hansen and Huenenberger 2011) whose LennardJones parameters have been subsequently optimized (Chen et al. 2014) . MD simulations were performed in the NVT ensemble using a 2 fs integration time step. The stochastic velocity-rescaling algorithm of Bussi et al. (2007) was used to control the temperature at 300 K. Bonds involving explicit hydrogen atoms were constrained using the LINCS algorithm (Hess et al. 1997) . Electrostatic and Lennard-Jones interactions were both truncated with a cut-off radius of 1.2 nm; no long-range electrostatic or Lennard-Jones interactions were computed.
Analysis
To quantify the mutual sliding of adjacent chains, we defined the ''chain slippage,'' D slip , as:
r where D (nm) is the distance between the centers of gravity of two anhydroglucose units belonging to two consecutive chains in the bending direction (see Fig. 1 ), and a = 0.78 nm and b = 0.80 nm are the respective unit cell dimensions. We obtained a rough estimate of the free energy by calculating the torsional entropy contribution from the dihedral angle distribution (Chen et al. 2012 ).
In addition, powder diffraction profiles were calculated using the Debyer software package (Wojdyr 2011) , which is based on the Debye scattering equation (Debyer 1915) and has been used previously . 10 (Ia) plane highlighted in red were selected to estimate the chain slippage during bending. Bottom: snapshots of the kinked crystals; labels a to h correspond to bending deflections where chain slippage occurred. Atoms of some residues are colored and displayed as spheres to facilitate visualization of the monoclinic and triclinic characters of the internal organization within the two linear segments
where Q is the scattering vector, r ij = |r i -r j | is the distance between atoms i and j, I(Q) is the scattering intensity, and f i and f j are the scattering factors of atoms i and j. A wavelength of 1.5418 Å , corresponding to the wavelength of CuKa, is used.
Results
Local structures: amorphous kinks surrounded by crystalline straight segments Figure 1 gives snapshots of the atomistic models of the two cellulose crystals, showing increasingly ''kinked'' deformations. Figures 2 and 3 report, respectively, the conformational states of the hydroxymethyl groups ( Fig. 2 ) and the pyran rings ( Fig. 3 ) as a function of deflection and of their position along the cellulose crystal. These two parameters are used to probe the local state of organization in the kinked crystals. The hydroxymethyl group explores exclusively the tg orientation (x = 180°) in the core of the perfect Ia and Ib crystals (Nishiyama et al. 2002 (Nishiyama et al. , 2003 , whereas it explores the gg and gt orientations (x at ± 60°) at the crystal surface or within the less organized zones (amorphous or paracrystalline) (Mazeau and Heux 2003) . Similarly, pyran rings are in the most stable 4 C 1 chair conformation in the unstressed crystals and departures from this form clearly indicate that the structure becomes amorphous (Mazeau and Heux 2003) . Analysis of the kinked structures shows two populations of the polar angle, h, of the puckering parameters (Cremer and Pople 1975) . The dominant population is centered around h = 15°, which is representative of the 4 C 1 classical conformation of the pyran, while the minor population is centered at h = 75°, indicating that some pyran rings adopt the boat and skew-boat conformations.
Figures 2 and 3 show that the linear segments remain highly organized for the entire range of studied deflections. The hydroxymethyl groups keep the initial tg conformation (Fig. 2 ) and the pyran rings adopt exclusively the 4 C 1 conformation (Fig. 3) . The regular organization of the linear portions of the crystals can be visualized in the snapshots shown in Fig. 1 . Near the loading point, however, the structure becomes disorganized. The appearance of the gg and gt Right: orientation of the O6 atom in a glucose residue in (from top to bottom) the gg, tg and gt conformations respectively. The fractions are indicated by the colors at the right of the plots conformers of the hydroxymethyl groups, together with the appearance of the unconventional forms of the pyran rings accompanying the kinking, is perceptible for deflections beyond 2-3 nm. The disorganized portion of the micro-fibril propagates progressively and symmetrically on both sides of the kink as deflection increases. Figure 4 shows the predicted wide-angle X-ray powder diffractograms for Ia (Fig. 4a) and Ib (Fig. 4b) , respectively, at various deflections. The diffracted intensities decrease by increasing deflection, indicating an overall decrease in crystallinity induced by kinking. This feature is consistent with the previous observations about the distribution of the conformation of the hydroxymethyl groups and the pyran ring puckering.
Diffractograms predicted for Ia and Ib at various levels of deflection are superimposed in Fig. 4c . As expected, at small deflections, the most intense diffraction peak of Ib (200) appears at a larger 2 -h value than that for Ia (110). In contrast, the two diffractograms predicted from the strongly kinked Ia and Ib become almost identical, indicating that the straight domains of the two kinked crystals undergo ultrastructural reorganizations and converge to a similar structure.
Discontinuities in the potential energy curves Figure 5 shows how, taking the torsional entropy into account, the potential energy and free energy of the Ia and Ib crystals vary with deflection. In the initial state, the total energy of the Ia crystal is about 4.6 kJ/(mol cellobiose) larger than that of Ib, due to the increase in nonbonded interactions (16.6 kJ/mol cellobiose) that overcompensates for the stabilization of bonded interactions (-12 kJ/mol cellobiose). That Ib is more stable than Ia agrees with previous modeling simulations, where differences of 8-10 kJ/(mol cellobiose) using empirical force-fields (Neyertz et al. 2000; Mazeau and Heux 2003) and of 1 kJ/(mol cellobiose) from DFT calculations (Bucko et al. 2011; Li et al. 2011 ) have been reported.
The energy-deflection curves show several discontinuities where small increases in deflection are accompanied by energy drops of up to 1.5 kJ/(mol cellobiose). Such energy drops are specific to bending at the hydrophobic surfaces of native cellulose crystals, as they are not observed in the other directions (Chen et al. 2016) . For deflections larger than 5 nm, the energy of the kinked Ia microfibril is lower than that of its initial equilibrated crystal, suggesting that the structural rearrangements for this allomorph are favorable, and probably irreversible, despite the presence of a significant amount of amorphous phase that has a higher energy than the crystals (Mazeau and Heux 2003) . In contrast, no such behavior is observed for the Ib form, where the energies of the kinked Ib crystal are always higher than that of the initial straight form.
Torsional entropy compensation
The potential energy increase due to bending is accompanied by larger torsional freedom in the kinked region, resulting in a much smaller net increase in free Fig. 3 Distribution of the 4 C 1 chair conformation of the Ia (a) and Ib (b) crystals explored by the pyran rings as a function of deflection (horizontal axes) and location along the length of the crystals (vertical axes). Glucose residues are numbered from 1 to 40, starting from the non-reducing end of the crystals. The fractions are indicated by the colors at the right of the plots energy, between 2 and 4 kJ/(mol cellobiose) less than the potential energy for cellulose Ia and Ib, respectively (Fig. 5) . Thus, under ambient conditions, cellulose chains should kink more easily than what the potential energy increase or the theoretical bending rigidity would imply.
Chain slippage at the origin of the energy drops Figure 6 shows the variation of the chain slippage distances (D slip ) with deflection. In the straight segments, all of the chains within a sheet behaved similarly. Thus D slip represents the longitudinal organization of consecutive sheets within the crystalline parts. D slip fluctuates around a constant value, meaning that the supramolecular organizations are globally maintained in the linear segments of the microfibril during kinking. D slip also shows occasional jumps at the deflections where energy drops, indicating that the event is associated by longitudinal slip of the hydrogen-bonded sheets. The magnitude of the displacements is remarkably constant, ± 0.5 nm, which corresponds to the length of a glucosyl residue. In cellulose Ia and Ib, the hydrogen bonded sheets are staggered by about 0.25 nm. The main structural difference between the two allomorphs is the direction of the stagger, which is unidirectional in Ia but alternating in Ib. Mutual sliding of 0.5 nm thus corresponds to local Ia ! Ib allomorphic transitions. The sliding of the hydrogen-bonded sheets can be visualized by inspecting the snapshots of the kinked microfibril models. Atoms of selected glucosyl units in the linear segments are represented by spheres in Fig. 1 to facilitate visualization of the loci of the allomorphic transitions. Figure 1b , c shows snapshots of the Ia and Ib microfibrils before and after the first The initial organization of the cellulose chains in the crystal influences the number and location of the allomorphic transitions (Figs. 1, 6 ). For the Ia system, the first transition takes place at a deflection of 1.8 nm, where D slip between layers 3 and 4 on the reducing end side varies suddenly by ? 0.5 nm (Fig. 5) . Just after the transition (Fig. 1c) , the reducing side of the microfibril is composed of two triclinic blocks separated by a monoclinic interface between layers 3 and 4. This structural event is repeated at each energy drop and, after each new sliding event, the total amount of the monoclinic form increases. This accumulation of the Ib-like form can be observed in Fig. 1g where the microfibril is strongly bent after three energy drops corresponding to six sliding events, and the vast majority of the crystal is in Ib-like organization, except for the amorphous kink. Note that, at this bending level, the non-reducing end side of the microfibril (to the right of the kink in Fig. 1e, g ) is also affected by the structural reorganization.
Interestingly, the 5 kJ/(mol cellobiose) energy drop between tags f and g is due to three concerted sliding events on the non-reducing end side of the microfibril (Fig. 6) . Finally, under extreme bending, at a deflection of 7.5 nm (Fig. 1g right) , the organization is mainly Ib-like on both sides of the kink, showing that the allomorphic transformation is almost complete. This progressive transformation from triclinic form to a monoclinic form leads to the stabilization of the kinked state after being displaced 5 nm compared to its initial form (Fig. 5) .
Similar relaxations by sliding exists for the Ib form, with the energy drops accompanying * 0.5 nm longitudinal displacements of the sheets (Fig. 5 ) resulting in local Ib ? Ia allomorphic transitions (Fig. 1c, e, g ). The first transition occurs at a deflection of 2.5 nm between layers 4 and 5 on the non-reducing (right) end of the fibril, which, at tag c, is organized in two monoclinic blocks separated by a triclinic-like interface between layers 4 and 5). However, layers 4 and 5 in the Ib system undergo several successive transitions on the non-reducing side, converting the interface into Ia at 2.5 nm of deflection, before reverting to Ib at 3.5 nm and transforming again into Ia at 6.5 nm. This suggests that the Ib to Ia-like conversion in Ib is transitory; after each new sliding event, the organization within the microfibril alternates between pure Ib and a Ia/Ib mixture. It is only for extreme curvatures greater than approximately 6 nm of deflection, that a significant portion of the non-reducing side of the microfibril transforms into Ia.
We note that the reducing end side of the microfibril is unaffected by bending and keeps its initial monoclinic organization. This asymmetry of the deformation with respect to the reducing end might come from the sight ratchet-like morphology of cellulose chains, which results in asymmetric shear compliance.
Effect of the crystal length
To keep the computational demands of our simulations reasonable, we first opted to study relatively short crystal segments to study the effect of bending on the local structural transformation in vacuum. Experimentally, the allomorphic transition and creation of kinks by sonication is observed on long microfibrils but not on short fragments of crystals, and in aqueous media (Briois et al. 2013) .
To address the question of size effects, we have repeated the kinking protocol on a 80 nm long Ia crystal, corresponding to a degree of polymerization of 160. A load applied at the center of the crystal perpendicular to the hydrogen bonded layers produces a kink similar to that observed in the short crystals. Visual inspection of the model at large deflections also reveals two distinct coexisting organizational states, as the structure is clearly disorganized at the kinking point but remains highly organized on both sides of the kink. Figure 7 displays the evolution of the slippage distances as a function of deflection. Similar to that observed for the short crystals, the long crystal undergoes 0.5 nm relative displacements of the hydrogen-bonded layers, which indicates local allomorphic conversion. Among the seven pairs of adjacent layers, four such transitions are observed in Fig. 6 Variation of the chain slippage distance (D slip ) between adjacent hydrogen-bonded sheets as a function of bending deflection for Ib (left) and Ia (right). Blue: reducing end, red: non-reducing end. Traces are displaced vertically by 1 nm for visibility. Layers are numbered from 1 (the layer opposite the loaded layer) to 8 (the loaded layer) the deflection range 15-30 nm. However, the sliding of the layers in the short crystal appears at smaller kink angles compared to the long crystal, suggesting that sliding is easier in the short model. For example, the first transition takes place at a kink angle of 11.5°for the 20 nm model, whereas it appears only at 19.5°for the 80 nm model.
Overall, the evolution with kinking of the morphology, the local internal organization (amorphous or crystalline) as well as the allomorphic transitions are independent of size effects. This concordance of structural behavior between the short and long model suggests that the molecular mechanism of response to a lateral force by phase transition is general.
Discussion
Experimentally sonicated microfibrils showed numerous kinks when observed in TEM, with a 20% decrease in crystallinity and an increase in gg and gt conformers of the hydroxylmethyl groups as estimated by solid-state CP-MAS NMR spectroscopy (Briois et al. 2013 ). Our models qualitatively agree with these experimental observations. The simulation also suggests that crystallinity degrades only at the kinking point and the linear segments remain crystalline.
We also reported that cellulose microfibrils from Glaucocystis, mostly in Ia, partly transformed into Ib by ultrasonication (Briois et al. 2013) . Kinking the Ia microfibril model agree with this observation. It has been recently measured that the maximum of the distribution of the kink angle is 60° (Usov et al. 2015) , which corresponds to a deflection of 5 nm in our model. To reach this level of deflection, the Ia crystal model underwent two transitions on the reducing end and three on the non-reducing end (Figs. 1, 6 ), leading to an accumulation of the maximal possible amount of Ib.
In contrast, the cellulose microfibrils from tunicate, dominated by the Ib phase, remain unchanged when they are sonicated. Our models show that the reducing end of Ib can undergo some transitions to Ia during kinking, but at the observed kink angle of 60°the two straight segments surrounding the kink are entirely monoclinic (Ib), corroborating that transitory Ib ? Ia conversions are undetected.
Thermal treatment transforms Ia into Ib (Horii et al. 1987; Yamamoto et al. 1989; Debzi et al. 1991; Yamamoto and Horii 1993) . The high thermal expansion perpendicular to the pyranose plane upon heating measured by in situ X-ray diffraction suggests the thermally induced phase transition is also due to mutual sliding at these hydrophobic interfaces.
Conclusions
We have performed molecular dynamics simulations of cellulose crystals of length 20 nm and 80 nm to study their behavior under bending deformations. Comparable to experimental observations, when bent on the hydrophobic plane, cellulose crystals tend to create kink zones with loss of crystalline order. while the two linear segments on each side of the kink remain crystalline. The creation of kinks is accompanied by translations of the hydrogen-bonded sheets of the crystalline segments, corresponding to partial allomorphic transitions. The Ia ? Ib conversions accumulate with increasing bending deflection, while Ib ? Ia conversions are only transitory.
